Filoviruses, marburgvirus (MARV) and ebolavirus (EBOV), are causative agents of highly lethal hemorrhagic fever in humans. MARV and EBOV share a common genome organization but show important differences in replication complex formation, cell entry, host tropism, transcriptional regulation, and immune evasion. Multifunctional filoviral viral protein (VP) 35 proteins inhibit innate immune responses. Recent studies suggest double-stranded (ds)RNA sequestration is a potential mechanism that allows EBOV VP35 to antagonize retinoic-acid inducible gene-I (RIG-I) like receptors (RLRs) that are activated by viral pathogen-associated molecular patterns (PAMPs), such as double-strandedness and dsRNA blunt ends. Here, we show that MARV VP35 can inhibit IFN production at multiple steps in the signaling pathways downstream of RLRs. The crystal structure of MARV VP35 IID in complex with 18-bp dsRNA reveals that despite the similar protein fold as EBOV VP35 IID, MARV VP35 IID interacts with the dsRNA backbone and not with blunt ends. Functional studies show that MARV VP35 can inhibit dsRNA-dependent RLR activation and interferon (IFN) regulatory factor 3 (IRF3) phosphorylation by IFN kinases TRAF family member-associated NFkb activator (TANK) binding kinase-1 (TBK-1) and IFN kB kinase e (IKKe) in cell-based studies. We also show that MARV VP35 can only inhibit RIG-I and melanoma differentiation associated gene 5 (MDA5) activation by double strandedness of RNA PAMPs (coating backbone) but is unable to inhibit activation of RLRs by dsRNA blunt ends (end capping). In contrast, EBOV VP35 can inhibit activation by both PAMPs. Insights on differential PAMP recognition and inhibition of IFN induction by a similar filoviral VP35 fold, as shown here, reveal the structural and functional plasticity of a highly conserved virulence factor. type I IFN | viral immune antagonist | RNA binding protein T he Filoviridae family of viruses, which includes marburgvirus (MARV) and ebolavirus (EBOV), can cause intermittent outbreaks that often result in high fatality rates (1). The family consists of five species of EBOV, Zaire, Reston, Sudan, Taï Forest, and Bundibugyo; one species of MARV; and a proposed genus Cuevavirus possessing a single species Lloviu cuevavirus (2). Despite overall similarities in genome size and organization, virion structure, and disease characteristics (3), EBOV and MARV exhibit important differences, including their strategies for immune evasion (4). For example, although EBOV viral protein (VP) 24 and MARV VP40 counter IFN signaling, neither MARV VP24 nor EBOV VP40 appears to function similarly to its corresponding counterparts with regard to immune evasion (5-10).
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Filoviruses also counteract innate immunity through the multifunctional VP35 proteins, which perform critical roles in viral RNA synthesis, virus assembly, and virus structure (reviewed in refs. 11 and 12) . EBOV VP35 interacts with several components of innate antiviral defenses, including retinoic-acid inducible gene-I (RIG-I)-like receptor (RLR) pathways that lead to IFN production (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . These include inhibition of IFN production through double-stranded (ds)RNA sequestration and inhibition of IFN regulatory factor (IRF) 3/IRF7 phosphorylation by direct association with kinases that activate IRF3/IRF7, IKKe/TBK-1 (13, 15, 21, 25) . Structural and biochemical studies on Zaire EBOV (ZEBOV) and Reston EBOV (REBOV) VP35 IFN inhibitory domains (IID) (termed zVP35 and zIID or rVP35 and rIID, for VP35 protein and IID, respectively) in free and dsRNA-bound forms identified a number of functionally critical basic residues (21, (26) (27) (28) . These are located in the central basic patch (CBP) in the β-sheet subdomain and the first basic patch (FBP) in the α-helical subdomain (21, (26) (27) (28) . Based on the dsRNA-bound structures of VP35 IIDs, it was suggested that these basic patches are important for protein-protein and protein-RNA interactions (21, 27, 28) . Consistent with this, mutation of CBP residues abrogates the dsRNA-binding and IFN-inhibitory activities of zVP35 and greatly attenuated virus replication in IFN-competent cells and in vivo (15, 21, 27, 29) . These studies also demonstrated that zIID/rIID proteins end cap dsRNA, potentially shielding this blunt-end dsRNA pathogen-associated molecular pattern (PAMP) from detection by RLRs (21) .
RIG-I and melanoma differentiation associated factor gene 5 (MDA5) are RLRs that trigger innate immune signaling in response to viral infection. RLRs recognize PAMPs, such as dsRNA, dsRNA-containing 5′-triphosphate (5′PPP), and 5′OH blunt-end dsRNAs. Moreover, RLRs can detect the methylation status of the mRNA 5′ cap and specific secondary structural features or non-O-methylated RNA (30) (31) (32) (33) (34) . RIG-I, in particular, is thought to bind short dsRNA. In contrast, MDA5 is activated by long(er) dsRNA ligands, including poly I:C (pI:C), and has the potential to form long filamentous signaling structures on dsRNA ligands (35, 36) . RLRs are targeted by many virus encoded proteins to antagonize IFN induction (37) , mechanisms by which viral proteins such as VP35 antagonize RLRs are not completely understood.
To better define how MARV VP35 (mVP35) inhibits host innate-immune responses and to develop filoviral VP35s as a potential panfiloviral therapeutic target, we performed structural and functional studies of the mVP35 protein. Our data support the ability of mVP35 to antagonize IFN production through multiple mechanisms, including inhibition of RLR activation through dsRNA sequestration and by direct targeting of IFN kinases IKKe/ TBK-1. Consistent with this model, we observe that mVP35 IID (mIID) binds 18-bp dsRNA through contacts with the phosphodiester backbone. Mutation of dsRNA-binding residues reduces dsRNA binding and correspondingly increases IRF3 phosphorylation and IFN-β promoter activity. We also show that mVP35 may use a distinct set of residues to inhibit IFN kinases IKKe/ TBK-1, upstream of IFN kinase activity. zIID and mIID can also inhibit MDA5 ATPase activation by pI:C. However, only zIID can also inhibit RIG-I ATPase activation by short (8-to 30-bp) blunt-end dsRNA. In contrast, both mVP35 and zVP35 inhibit RIG-I activation by 5′ overhang dsRNA, 3′-overhang dsRNA, and pI:C. Altogether, these data support a model where filoviral VP35 antagonizes host IFN induction at multiple levels by differential recognition of viral PAMPs.
Results mIID Binds dsRNA Independent of Ends. dsRNA binding to zVP35 is critical to its ability to fully inhibit type I IFN production (10, 15, 20, 21) . To examine the role of mVP35 in IFN antagonism, we tested its ligand-binding properties. mIID did not bind 8-bp dsRNA, as monitored by isothermal titration calorimetry (ITC). In contrast, zIID bound with high affinity in the same assay with a K D = 0.5 ± 0.1 μM (Fig. S1A) (21) . mIID can bind longer dsRNA, where 18-bp dsRNA binds with a K D = 6.6 ± 0.6 μM and 30-bp dsRNA binds with a K D = 1.3 ± 0.1 μM (Fig. S1B) , whereas zIID binds 18-and 30-bp dsRNA with similar affinities (Fig. S1C) . We also tested 5′-or 3′-overhang dsRNA to determine whether dsRNA ends are important for mIID binding. mIID binds 25-bp dsRNA with blunt, 5′ and 3′ overhangs with similar affinity ( (Fig. S1D) . In contrast, zIID shows a 3-and 15-fold decrease in binding to 5′-and 3′-overhang dsRNA, respectively, compared with blunt-end dsRNA (Fig. S1E ). These results (Table S1 ) suggest that the dsRNA ends are important for zIID recognition of ligand and not for mIID.
mIID Binds the dsRNA Backbone. To explore the structural basis for dsRNA binding and specificity of mVP35, we solved the crystal structure of mIID in complex with 18-bp dsRNA to 2.01-Å resolution (see Fig. 1 and Table S2 for structure statistics). In the structure, we observe four molecules of mIID (chains A, B, C, and D) and one 18-bp dsRNA (chain E and F). These interactions result in a configuration where dsRNA interacts with multiple mIID molecules that appear to coat the backbone of dsRNA with a binding "footprint" of 4-5 bp ( Fig. 1 A and B) . Moreover, the 18-bp dsRNAs are stacked end to end with a slight offset, creating a pseudocontinuous A-form dsRNA helix. Side chains from several CBP residues, including R294, K298, R301, and K328, form a positively charged surface that contacts the negatively charged phosphodiester backbone of the RNA (Fig. 1C) . For example, the side-chain NH1 of R294 and Nζ of K298 interact with U9 base O1P atom through water-mediated H bonds, and the side-chain Nζ of K328 and NH1 and NH2 of R301 also form water-mediated H bonds with O2′ of C13 ( Fig. 1 D and E). These MARV residues correspond to R305, K309, R312, and K339 in zIID and R294, K298, R301, and K328 in rIID, which form critical interactions with the RNA backbone ( Despite these striking similarities in the protein fold, there are a number of differences between the mIID-dsRNA complex structure and the zIID/rIID-dsRNA structures (21, 26) . Residues K319 and R322 in zIID (corresponding to K308 and R311 in rIID) have been shown previously to form part of a critical network of basic residues that contact dsRNA, as well as VP35 protein-protein contacts (21, 26, 38) . The sequence equivalent residues in mVP35, T308, and K311( capping interactions in the context of our crystal structure ( Fig.  2A) . This is in direct contrast to the structures of zIID and rIID bound to dsRNA, where IIDs interact with dsRNA blunt ends through hydrophobic contacts (F239, Q274, and I340 in zIID and F228, I267, and I329 in rIID) (21, 26) (Fig. 2 B and C) . Mutation of F239 in zIID resulted in loss of dsRNA binding, suggesting that F239 (F228 in mIID) is important for both modes of dsRNA binding (21) . Moreover, mIID CBP residues are only important for dsRNA binding and not protein-protein contacts, as observed in the zIID-dsRNA structure (21) . Limited protein-protein contacts and corresponding low buried surface areas at this interface, 1,400 Å 2 for zIID-dsRNA compared with 555 Å 2 for mIID-dsRNA, suggest that the mIID may function differently from zIID/rIID.
In Vitro Assays Validate the Protein-RNA Interface. In vitro filterbinding assays were used to assess the importance of residues at the protein-RNA interface to bind 18-bp dsRNA (Fig. 3A) , 30-bp dsRNA (Fig. 3B) , and pI:C (Fig. 3C) . Alanine substitutions of R294, K298, S299, R301, and K328 in the CBP resulted in decreased RNA binding (<40% of WT), whereas double mutants R294A/K298A and K298A/S299A further diminished dsRNA binding (<5% of WT). In addition to basic residues in the CBP that have been shown to be critical for dsRNA binding, F228A, N261A, and Q263A also resulted in loss of binding (<40% of WT). These mutations, when tested in the context of full-length mVP35 proteins in 293T cells, displayed a good correlation between mutants that disrupt RNA binding in vitro with those that were impacted in the pI:C pull-downs. The exceptions were R294A, K298A, and S299A, which show appreciable pI:C binding. This may reflect dsRNA length-dependent binding because these mutants were less impaired for binding 30-bp RNA and show a statistically significant preference for longer dsRNA (P values of 0.007, 0.08, and 0.006, respectively) (Fig.  3C ). T267A and R271A also exhibited variable pull-down over several experiments. Interestingly, a fraction of some of the mVP35 mutants exhibit retarded migration during SDS/PAGE (Fig. 3C) . The basis for this aberrant migration is unknown (21) . Of note, N261A/Q263A mutant was either not well expressed or not detected by our antibodies in the pI:C pull-down studies.
Residues Critical for dsRNA Binding Are also Important for IFN Inhibition. To assess the effect of dsRNA-binding mutations on the ability of mVP35 to suppress induction of type I IFN responses, reporter gene assays were carried out to measure the activation of the (13, 15) . Our results suggest that the mutation of residues that led to reduced dsRNA binding in vitro also show attenuated function as an IFN antagonist in vivo (Fig. 4  A and B) . In particular, double mutants R294A/K298A, K298A/ S299A, and N261/Q263 show near-complete loss of function, whereas mutants F228A, K298A, S299A, R301A, and K328A show diminished ability to suppress IFN-β induction. In contrast, mutation of residues involved in protein-protein contacts in the crystal, R285, K287, N306, and Q321, were functional in this assay, supporting that these interactions are not important for IFN antagonism. mVP35 constructs that inhibit activation of the IFN-β promoter also inhibit SeV-induced phosphorylation of IRF3 (Fig.  4C) . These results support the ability of mVP35 to inhibit IFN induction and further establish a correlation between dsRNAbinding and IFN-inhibitory functions of mVP35.
dsRNA-Independent Inhibition of IKK3/TBK-1 by mVP35. Previous studies with zVP35 have shown that one mechanism underlying the ability of EBOV to suppress IFN-β production is through inhibition of IRF3/IRF7 phosphorylation by the IFN kinases IKKe/TBK-1 (11, 13, 25) . Similar to zVP35, mVP35 is also able to block IFN-β promoter activity in a dose-dependent manner upon overexpression of IKKe or TBK-1 in 293T cells (Fig. S3 A  and B) . Inhibition at the level of the kinases does not appear to be dsRNA-dependent because dsRNA-binding mutants impaired in the SeV-based assays inhibited comparably to WT mVP35 (Fig. 4) . In contrast, when a constitutively active form of IRF3 is overexpressed, IRF3 5D, in 293T cells (Fig. S3C) , mVP35 was unable to significantly inhibit the IFN-β promoter activity, suggesting that the inhibitory effect of mVP35 is upstream of IRF3 phosphorylation.
Differential Recognition and Inhibition of RLR PAMPs by mIID. In the structure of the mIID-dsRNA complex, we observe mIID binding only to the dsRNA backbone and not the blunt ends. Lack of end capping may potentially be attributable to competing crystalpacking contacts. To test the functional relevance of our structure, we assessed the ability of mIID to inhibit RIG-I and MDA5 activation by different RNA PAMPs by an in vitro ATPase assay. As shown in Fig. S4A, 8 -bp dsRNA is able to enhance the ATPase activity of RIG-I. RIG-I ATPase activity is reduced markedly upon addition of zIID, which recognizes both double-strandedness and blunt-ended PAMPs. In contrast, mIID does not inhibit RIG-I activation by 8-bp dsRNA because mIID does not bind 8-bp dsRNA (Fig S1 A and B) . RIG-I activation by 30-bp dsRNA is also inhibited by zIID, but mIID is unable to inhibit RIG-I ATPase activity despite its ability to bind 30-bp dsRNA because the blunt ends of 30-bp dsRNA are presumably available presumably to activate RIG-I (Fig. S4B) . These findings are consistent with our crystal structure because mIID is unable to inhibit RIG-I activation by blunt-ended dsRNA PAMP.
Next, we tested MDA5 activation in ATPase assays with 30-bp dsRNA, low-molecular-weight (LMW) pI:C, and high-molecular-weight (HMW) pI:C, which show that mIID can inhibit MDA5 activation by 30-bp dsRNA (Fig. S4C) . Moreover, mIID and zIID can also inhibit the activation of MDA5 and RIG-I ( Fig. 5A and Fig. S5 ) by HMW and LMW pI:Cs. mIID-containing mutations of residues involved in dsRNA contacts in the crystal structure of mIID-dsRNA complex, such as F228A and R294A/K298A, are defective in their ability to inhibit MDA5 ATPase activation (Fig. 5B) . In contrast, mutants of residues involved in protein-protein contacts, such as K287A and N306A, can inhibit MDA5 activity to levels similar to WT.
Because mIID did not differentiate between blunt-end dsRNA and dsRNA containing overhangs in our binding assays (Fig.  S1D) , we also tested the ability of mVP35 to inhibit RIG-I activation by a 25-bp dsRNA with blunt ends, 5′ overhang, and 3′ overhang. Blunt-end dsRNA and 5′-overhang dsRNA both activated RIG-I to comparable levels (Fig. 5C) , and each was inhibited by zIID. In contrast, mIID was only able to inhibit 5′-overhang dsRNA. As previously shown, 3′ overhang dsRNA did not robustly activate RIG-I (3, 32), and, therefore, the variation in RIG-I activity upon VP35 IID addition are not significant. Altogether, these results, summarized in Table S3 , suggest that mIID can inhibit RIG-I activation by double-stranded PAMPs but cannot prevent RIG-I activation through dsRNA blunt ends, presumably because of lack of dsRNA end capping by mIID.
Discussion
Structural, biochemical, and cell-based studies of mVP35 revealed several important findings. mIID forms a fold similar to zIID and rIID, despite large sequence differences (9 residues between zIID and rIID compared to 52 residues between zIID and mIID). However, mIID can sequester dsRNA and inhibit IFN induction through a mechanism that appears to be independent of end capping (Figs.  S2 and S6) . In vitro studies show that mIID can only inhibit RIG-I activation by non-blunt-end RNA or pI:C. mVP35 also displays an ability to inhibit IFN kinases IKKe/TBK-1 via a RNA-independent mechanism. Together, these findings highlight how a common structural fold facilitates multiple intermolecular binding modes and functional outcomes, providing mechanistic insights into MARV antagonism of host IFN responses.
We observe few VP35-VP35 contacts in the mIID-dsRNA complex structure, with only 555 Å 2 of buried surface area. In contrast, VP35-VP35 interactions account for about 1,400 Å 2 of buried surface area in the zIID-dsRNA complex (21) . We also observe that whereas zIID-dsRNA and mIID-dsRNA complexes have 7 VP35-VP35 contacts, there are no common residues that are shared between ZEBOV/REBOV and MARV (Fig. S6) . Interestingly, residues shown to be involved in VP35-VP35 interactions have no functional impact on dsRNA-binding and IFN-inhibitory functions of mVP35, whereas VP35-VP35 contact residues in zIIDdsRNA complex are important for IFN inhibition (21) . E  F228A  N261A  Q263A  R294A  K298A  S299A  R301A  R285A  K287A  N306A  Q321A  K328A  E  WT  T267A  R271A  T308K  E  N261A/Q263A  R294A/K298A  K298A/S299A  E  WT  T308K/K311R   +SeV  +SeV   N261A/Q263A  R294A/K298A  K298A/S299A  T308K/K311R   F228A  N261A  Q263A  R294A  K298A  S299A  R301A  R285A  K287A  N306A  Q321A  K328A  T267A R271A T308K Residues in the mIID CBP region that are important for dsRNA binding in the structure are also important for dsRNA binding in vitro and in pI:C binding in cell extracts (Fig. 3) . Based on structural comparisons, we observe that all 14 VP35-dsRNA contacts are shared by zIID and rIID, but only 11 are common among zIID, rIID, and mIID (Fig. S6A) . Differences at positions corresponding to K319/R322 in zVP35 may be important for intermolecular interactions (Fig. S6B) . Although it is not clear why mIID is unable to recognize dsRNA blunt ends in the crystal structure, variations at these positions in the mIID sequence may contribute, at least in part, to observed differences in structure and affinity.
The abilities of mVP35 and zVP35 to inhibit RIG-I and MDA5 activation by a variety of dsRNA ligands were tested in cell-based assays. Like its EBOV counterparts, mVP35 is able to bind dsRNA and pI:C, and suppress SeV-induced IFN-β induction in a dose-dependent manner (Figs. 3 and 4) . Overall, we observe a correlation between mIID residues that bind dsRNA and their ability to antagonize IFN responses. However, R294A, K298A, and S299A mutations, which show largely diminished dsRNA binding to 18-and 30-bp dsRNA, were functional in the pI:C pull-downs. These mutants also show higher binding affinities for the longer dsRNA in vitro. Therefore, the longer length of pI:C may explain the retention of binding in this assay. Additionally, because full-length VP35 is used in these assays, the presence of an oligomerization domain may promote multivalent binding with enhanced affinity (Fig. 1A) (39, 40) . Interestingly, double mutants R294A/K298A and K298A/S299A show a nearcomplete loss of binding. The enhanced impact of the double mutants may be attributable to the loss of potential compensatory role played by these residues, where loss of either residue can be tolerated but not both. We see near-uniform correspondence between impact on dsRNA binding and ability to antagonize IFN-β promoter activation by SeV infection by mutants (Fig. 4) . As was seen with zVP35, mVP35 mutants defective in dsRNA binding do retain some capacity to inhibit the IFN-β promoter compared with empty vector-transfected controls. mVP35 can also inhibit IFN-β induction when IFN kinases IKKe/ TBK-1 are expressed. Inhibition is lost when a constitutively active IRF3-5D is used, suggesting that mVP35 targets these kinases (25) . Because all of the mVP35 dsRNA-binding mutants are functional in this assay, suppression of RLRs vs. the kinases likely requires different residues.
dsRNA binding by the C-terminal domain and the helicase domains of RLRs results in a conformational switch that triggers downstream signaling (reviewed in ref. 34) . Although the nature of the exact ligands that activate RLRs in vivo have not yet been definitively identified, dsRNA-bound RIG-I and MDA5 structures show that multiple PAMPs, including double-strandedness, dsRNA blunt ends, and short dsRNA with 5′OH or 5′PPP, can activate RLRs (34) . A correlation between dsRNA-binding ability of zVP35 and its IFN-inhibitory effect on RLR function has been documented in several studies (15, 16, 19, 21) , and its biological relevance is supported by the observations that preactivation of RIG-I dramatically decreases ZEBOV yield and that recombinant ZEBOVs with mutations at critical RNAbinding residues are attenuated in vitro and avirulent in vivo (29, 41) . Our structural findings are consistent with the in vitro dsRNA-binding studies, suggesting that the crystal structure reflects a potentially physiologically relevant complex. The dsRNA in the crystallographic unit cell is stacked coaxially in an end-toend fashion, forming a pseudocontiguous helix that is coated by mIID molecules along its backbone. Although this configuration may be influenced by crystal packing, similar structural organizations have been observed previously for other viral IFN antagonists, such as influenza A virus NS1 (PDB ID code 2ZKO), Tombusvirus P19 (PDB ID code 1RPU), and Flock house virus B2 (PDB ID code 2AZO). The impact on dsRNA PAMP recognition in many of these instances remains to be defined. . Model for RLR inhibition by filoviral VP35 proteins. A working model, based on the current study for mVP35 and previous work for zVP35 and rVP35, suggests that differences in dsRNA PAMP recognition by mVP35 and zVP35 may result in different levels of MDA5 and RIG-I antagonism (see Discussion). Viral PAMPs activate the RLRs MDA5 or RIG-I, which then signal through IFN-β promoter stimulator 1 and TBK-1/IKKe to activate IRF3 phosphorylation. Both MARV and EBOV VP35s are proposed to block RLR activation at multiple steps in the RLR pathways. However, the data in this study suggest that antagonism at the level of PAMP sequestration by MARV VP35 occurs through its ability to bind dsRNA, whereas EBOV VP35 masks dsRNA and dsRNA blunt ends possessing RIG-I-activating 5′PPPs.
To determine whether the mechanism of immune evasion by mVP35 is distinct from zVP35, we tested the effect of both mVP35 and zVP35 on RIG-I and MDA5 activation. Our data show that short dsRNA is able to activate RIG-I ATPase function. We also observe that MDA5 can be activated by 18-to 30-bp dsRNA, when used at sufficiently high concentrations (Fig. S4C) . However, only zVP35 is able to inhibit dsRNA-mediated RLR activation by short dsRNAs in a dose-dependent manner. This correlates with the ability of zVP35 to compete with RIG-I for dsRNA backbone and blunt-end binding because mutation of residues such as F239, R312, R319, and K322 leads to a loss of dsRNA binding and a corresponding loss of RIG-I inhibition (15, 16, 19, 21) . We also show that both MARV and ZEBOV can effectively inhibit RLR activation by pI:C, presumably through interactions with the dsRNA backbone because the dominant PAMP in pI:C is the double-strandedness. We observe that mIID, which was unable to inhibit RIG-I activation by blunt 25-bp dsRNA, can inhibit RIG-I activation by 5′-overhang dsRNA. These data strongly suggest that MARV and ZEBOV can directly antagonize RLR activation by the double-strandedness of RNA. A model consistent with our results described above is shown in Fig. 6 , where mVP35 can only antagonize recognition of RNA double-strandedness by RLRs. In contrast, ZEBOV (and likely REBOV) can compete and inhibit RLR activation by masking the blunt ends (with 5′OH or 5′PPP) and double-strandedness. The relative contributions of these PAMPs toward RLR activation are currently unknown. However, the significant differences in PAMP recognition described for RIG-I and MDA5, coupled with our observations here, suggest that the type of PAMPs present during MARV and EBOV infections may also be different.
Materials and Methods
Structure Determination. Diffraction quality crystals for mIID-dsRNA complex was obtained for mIID (204-329) and 18-bp dsRNA (AGACAGCAUAUGCUGUCU) (Integrated DNA Technologies) mixed in 2:1 molar ratio using hanging-drop vapor in well solution containing 0.1 M ammonium citrate (pH 6.3), 0.1 M ammonium citrate (pH 6.2), 0.25% ethylene glycol, 14% (vol/vol) PEG 3350, and 0.23 M ammonium sulfate. Diffraction data were collected at the Advanced Photon Source (Beamline Structural Biology Center 19), processed, and refined as described previously using the zIID structure (PDB ID code 3FKE) as a search model (21) . Collection and refinement statistics are in Table S2 .
Cell-Based Functional Studies. IFN-β promoter studies, IRF3 phosphorylation, and pI:C pull-down studies were carried out for WT and mutant mIID and zIID proteins as described previously (13, 15, 21, 25) .
RNA Binding and ATPase Studies. RNA-binding studies for mIID and zIID were carried out as described previously under conditions indicated in the figure legends, using dsRNA sequences (Table S4 ). MDA5 and RIG-I ATPase assays were carried out in the presence or absence of IID proteins, and the hydrolysis was measured on polyethyleneimine (PEI)-cellulose TLC using relative signal-intensity measurements for inorganic 32 
